Background: Climate change is expected to result in more heatrelated, but potentially fewer cold-related, emergency department visits and deaths. The net effect of projected changes in temperature on morbidity and mortality remains incompletely understood. We estimated the change in temperature-related morbidity and mortality at two sites in southern New England, United States, through the end of the 21st century. Methods: We used distributed lag Poisson regression models to estimate the present-day associations between daily mean temperature and all-cause emergency department visits and deaths in Rhode Island and in Boston, Massachusetts. We estimated the change in temperature-related visits and deaths in 2045-2054 and 2085-2094 (relative to 2001-2010) under two greenhouse gas emissions scenarios (RCP4.5 and RCP8.5) using downscaled projections from an ensemble of over 40 climate models, assuming all other factors remain constant. Results: We observed U-shaped relationships between temperature and morbidity and mortality in Rhode Island, with minima at 10.9°C and 22.5°C, respectively. We estimated that, if this population were exposed to the future temperatures projected under RCP8.5 for 2085-2094, there would be 5,976 (95% eCI = 1,630, 11,379) more emergency department visits but 218 (95% eCI = −551, 43) fewer deaths annually. Results were similar in Boston and similar but less pronounced in the 2050s and under RCP4.5. Conclusions: We estimated that in the absence of further adaptation, if the current southern New England population were exposed to the higher temperatures projected for future decades, temperaturerelated emergency department visits would increase but temperaturerelated deaths would not.
G lobal ambient temperatures are projected to rise over the coming decades due to climate change. 1 Given the established relationship between high outdoor temperatures (i.e., "heat") and increased risk of both mortality 2, 3 and morbidity, [4] [5] [6] the impact of warmer temperatures on human health has become an area of increasing public health concern.
Studies linking present-day associations between heat and health to output from global climate models suggest that the future burden of mortality and morbidity attributable to heat is likely to increase over the 21st century, all other factors held constant. [7] [8] [9] However, large analyses examining the impact of temperatures across the calendar year have documented a U-shaped association between temperature and mortality, characterized by a location-specific minimum mortality temperature at which mortality risk is lowest, and elevated risks at temperatures both warmer and colder than the minimum mortality temperature. 10, 11 Cold temperatures are also associated with higher rates of morbidity, 12, 13 and recent work suggests a U-shaped association between temperature and all-cause emergency department visits.
14 As a result, future increases in heat-related mortality and morbidity due to warming temperatures may be at least partially offset by decreases in cold-related events.
Few studies have projected the impact of changes in temperature across the year on health. Furthermore, work to date in this area [15] [16] [17] [18] [19] has been primarily focused on mortality rather than morbidity and has yet to incorporate temperature projections from the Coupled Model Intercomparison Project Phase 5 (CMIP5), 20 the state-of-the-art ensemble of coupled Submitted July 25, 2016; accepted March 14, 2018 . From the a ocean-atmosphere circulation models used in the most recent Intergovernmental Panel on Climate Change (IPCC) assessment. 1 Accordingly, we estimated the net change in all-cause emergency department visits and deaths attributable to changes in temperature projected for 2045-2054 and 2085-2094 in Rhode Island (RI), a small, coastal state in the New England region of the United States. Specifically, we first estimated present-day exposure-response curves for the association between daily mean temperature and daily counts of emergency department visits and deaths. We then combined these exposure-response curves with downscaled CMIP5 temperature projections under two different sets of assumptions about future greenhouse gas emissions to estimate the change in heat-related, cold-related, and total temperature-related morbidity and mortality. Finally, we replicated our findings at a second study site in New England among residents living in and around Boston, Massachusetts.
METHODS

Study Sites
We carried out this analysis at two sites in southern New England, a region located in the northeastern United States. Our primary study site was the state of RI, which had a population in 2010 of 1,052,567. 21 For the purpose of replication, we repeated our analysis in the area around and including Boston, a large city located approximately 46 miles to the northeast of the centroid of RI in the adjacent state of Massachusetts (MA). We defined the Boston area (hereafter referred to simply as "Boston") as all zip codes fully or partially contained within a 10-mile radius of a weather station located in Jamaica Plain, a neighborhood just southwest of the city center. This area, which encompasses the city of Boston as well as some of the surrounding neighborhoods, contained an estimated 1,661,468 people in 2010. 22 
Exposure Assessment
We obtained historical measurements of daily mean ambient temperature observed at T.F. Green Airport in Warwick, RI (41.7225°, −71.4325°) and in Jamaica Plain, MA (42.3031°, −71.1240°) between 1999 and 2015 from the National Oceanic and Atmospheric Administration's Climate Data Online database. 23 T.F. Green Airport is located approximately 9 km from the geographic centroid of RI and approximately 14 km from downtown Providence, the state's capital and largest city. We used data from a second Boston weather station located at Logan International Airport (42.3631°, −71.0064°) to impute temperature values for a limited number of days (0.5% of all days 1999-2015) with missing data at Jamaica Plain.
Outcome Assessment
We constructed time series of daily all-cause emergency department visits and deaths at each study site from individual-level data. For RI, we obtained data on emergency department visits (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) 
Temperature Projections
We obtained projections of historical and future temperatures from the CMIP5 multimodel ensemble 24 . We obtained daily projections for minimum and maximum temperature from approximately 40 models from the CMIP5 ensemble, downscaled to the 1/8° grid cell corresponding to the centroid of RI and to the coordinates of the Jamaica Plain weather station in MA using the bias correction and constructed analogs approach. 25 We estimated mean daily temperature as the averaged daily values of projected minimum and maximum temperature.
To reflect a range of possible future climate policies, models contributing to CMIP5 were run using four Representative Concentration Pathways (RCPs), each of which uses a set of assumptions about future radiative forcing due to anticipated greenhouse gas emissions and other factors. For this study, we used temperature projections under RCP4.5 and RCP8.5. Under RCP8.5, a relatively high emissions scenario, atmospheric carbon dioxide (CO 2 ) concentrations are projected to increase throughout the 21st century and reach 936 ppm by 2100, more than double today's concentration. 26 Under RCP4.5, CO 2 concentrations are assumed to stabilize and reach only 538 ppm by 2100. 1, 27 Daily bias correction and constructed analogue-downscaled temperature projections were available from 42 models for RCP4.5 and from 41 models for RCP8.5 (eTable 1; http://links.lww.com/EDE/B335).
Poisson distribution and a 21-day distributed lag function. The choice of lag period reflects that, while hot temperatures typically have a relatively immediate impact on morbidity and mortality, the impact of cold temperatures may persist over a period of weeks. 11 We modeled mean daily temperature with a quadratic B-spline with three internal knots placed at the 25th, 50th, and 75th percentiles of mean temperature observed at each study site. We centered the B-spline at the location-specific minimum morbidity temperature for each model of emergency department visits and at the locationspecific minimum mortality temperature for each model of deaths. We modeled the lag-response curve for temperature with a natural cubic B-spline with three internal knots placed at equally spaced values on the log scale. In each model, we controlled for day of week, federal holidays, and seasonal and long-term time trends (natural cubic spline with 8 degrees of freedom per calendar year). To summarize the shape of the nonlinear exposure-response curves, we estimated the percent difference (and 95% confidence interval [CI]) in the incidence rate of each outcome for a range of temperatures compared with the location-specific minimum morbidity or mortality temperature.
We calculated the fraction and annual number of emergency department visits and deaths attributable to deviations from the minimum morbidity or mortality temperature at each study site. 28 To understand the relative importance of temperatures across the observed range, we present the fraction and annual number of emergency department visits and deaths attributable to temperature stratified by those attributable to extreme cold (less than the 2.5th percentile of location-specific temperature), moderate cold (2.5th percentile to the minimum morbidity or mortality temperature), moderate heat (minimum morbidity or mortality temperature to the 97.5th percentile), and extreme heat (greater than the 97.5th percentile).
Projected Future Change
We estimated the change in the annual number of emergency department visits and deaths attributable to heat (temperatures above the location-specific minimum morbidity or mortality temperature), cold (temperatures below the minimum morbidity or mortality temperature), and total temperature (any deviation from the minimum morbidity or mortality temperature), comparing the 2 future decades (2050 and 2090) to a baseline decade of 2005. In doing so, we used resampling methods to account for uncertainty in both the presentday exposure-response curves and in the projections of future temperatures across different climate models from the CMIP5 ensemble, as described previously. 19 Briefly, we repeated the following process 5,000 times for each study site and health outcome. First, we randomly selected one set of parameters describing the lagged, nonlinear relationship between temperature and the health outcome from the site-specific distributed lag model, assuming a multivariate normal distribution of those parameters. Next, using this set of parameters, we calculated the annual number of emergency department visits or deaths attributable to temperature 28 under each RCP in 3 decades (2005, 2050, and 2090) using projected historical and future temperatures from one randomly selected climate model. Here, we conservatively applied the relative risk for the maximum temperature observed in the present day at each study site to days in future decades on which temperatures are projected to be even higher. Finally, we subtracted the annual number of temperature-related emergency department visits or deaths estimated for 2005 from the equivalent estimates for 2050 and 2090. By using climate model-projected temperatures to calculate temperature-attributable morbidity and mortality during 2005 and then subtracting this value from the future decade estimates, we correct for any potential differences between climate model projections and observed temperatures during the baseline period.
Iteration of the process described above yields a distribution from which we obtained a point estimate and 95% empirical CIs (eCIs) for the net change in temperature-related morbidity and mortality. These numbers can be interpreted as the change (and 95% eCI) in the number of emergency department visits or deaths that would arise each year if the presentday population of each study site were exposed to the daily mean temperatures projected for 2050 and 2090 under each of the two RCPs, all other factors held constant. We repeated this process to estimate the change in morbidity and mortality attributable specifically to heat and cold.
We performed analyses in R version 3.3.1 (R Foundation for Statistical Computing. City and country: Vienna, Austria.) 29 using "dlnm" package version 2.1.3.
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RESULTS
The distribution of mean daily temperature was similar across study sites, with a mean of 11.2°C (range, −17.0°C to 31.7°C) in RI and 10.7°C (range, −16.7°C to 31.4°C) in Boston (Table 1) . There were an average of 1,233 and 1,702 emergency department visits per day in RI and Boston, respectively, occurring predominantly among those under 65 years of age. In RI, there were 26 deaths per day on average, the large majority of which (approximately 80%) occurred among individuals 65 years of age and older. In Boston, where data on deaths were limited to those 65 years of age and older, the daily death rate among this subpopulation was 31 deaths per day.
We observed a U-shaped relationship between temperature and emergency department visits in RI, with the minimum morbidity temperature located at 10.9°C (Figure 1 ). For example, compared with the minimum morbidity temperature, the rate of emergency department visits was 15.2% (95% CI = 9.0, 21.7) and 4.3% (95% CI = −0.7, 9.5) higher on days with mean temperature of 30°C and −10°C, respectively (eTable 2; http://links.lww.com/EDE/B335). The relationship between temperature and deaths in RI was also U-shaped ( Figure 1) ; however, the association between warm temperatures and deaths occurred over a relatively small range of observed temperatures due to the relatively higher minimum mortality temperature of 22.5°C. The exposure-response curves for the association between temperature and both emergency department visits and deaths in Boston were similar to those observed in RI, with minima at 9.2°C and 24.0°C for emergency department visits and deaths, respectively (eFigure 1; http://links.lww.com/EDE/B335).
In RI, 2.0% (95% eCI = 0.8, 3.3) of the emergency department visits occurring over the study period were attributable to deviations from the minimum morbidity temperature (10.9°C), corresponding to an average of 8,981 (95% eCI = 3,383, 14,557) temperature-related emergency department visits each year (Table 2 ). More emergency department visits were associated with moderate cold and heat, rather than with more extreme temperatures. For deaths, 12.1% (95% eCI = 3.8, 19.7) were attributable to deviations from the minimum mortality temperature (22.5°C), a substantially larger fraction than we observed for emergency department visits. However, the annual average number of deaths attributable to temperature was comparatively smaller (1,138 [95% eCI = 356, 1,846]). In contrast to the results for morbidity, most temperature-attributable deaths in RI were related to moderate cold. We observed similar results in Boston (Table 2) .
Under the lower greenhouse gas emissions scenario (RCP4.5), the CMIP5 model ensemble projects a median increase in mean daily temperature for RI of 1.5°C (range, 0.3-2.6) by 2050 and 2.2°C (range, 0.6-3.3) by 2090, relative to 2005 (eFigure 2; http://links.lww.com/EDE/B335). Median projected increases were larger under the higher greenhouse 
FIGURE 1.
Association between daily mean temperature and (A) cumulative 21-day all-cause ED visits relative to the location-specific minimum morbidity temperature, and (B) cumulative 21-day all-cause deaths relative to the location-specific minimum mortality temperature in Rhode Island. ED indicates emergency department.
gas emissions scenario (RCP8.5): 2.0°C (range, 0.9-3.6) by 2050 and 4.7°C (range, 2.7-6.5) by 2090. Projected increases in temperature were similar for Boston. If the current RI population was exposed to the future temperatures projected for 2090 under RCP8.5, we project there would be 8,099 (95% eCI = 3,332, 13,648) more heat-related emergency department visits, but 2,032 (95% eCI = −3,852, −575) fewer cold-related emergency department visits per year, relative to 2005. We further project that the combined impact of these changes would be a net increase of 5,976 (95% eCI = 1,630, 11,379) temperature-related emergency department visits per year (Figure 2 ). In contrast, we project that the population of RI would experience 51 (95% eCI = −215, 316) more heat-related deaths and 271 (95% eCI = −480, −101) fewer cold-related deaths per year, resulting in a net decrease in annual temperature-related deaths of −218 (95% eCI = −551, 43). Results were qualitatively similar for Boston. For both sites, our projections for the net change were smaller but in the same direction in 2050 and under RCP4.5 (Tables S3 and S4 ; http://links.lww.com/EDE/B335).
DISCUSSION
Given the U-shaped association between temperature and morbidity and mortality 10, 31 as well as the general shift to higher daily temperatures projected through the end of the century, 1 continued climate change is expected to result in more heat-related but fewer cold-related deaths and emergency department visits. However, whether the net change in temperature-related morbidity or mortality will be positive or negative in a given location remains largely unknown. Accordingly, we quantified the net impact of projected changes in temperature on the number of emergency department visits and deaths at two sites in southern New England through the end of the century.
Consistent with previous work, we found that present-day hot and cold temperatures are both associated with higher mortality rates. 10, 11 A large, international analysis reported similar U-shaped relationships with minimum mortality temperatures of 23.3°C for Providence, RI, and of 21.9°C for Boston, 10 similar to our observed minimum mortality temperatures of 22.5°C for RI and 24.0°C for Boston. The small differences in minimum mortality temperatures between studies may be explained by differences in the length and timing of the study period, the geographic boundaries of each study site, the age group examined, and the use of a meta-analytic model to determine the best linear unbiased prediction of the location-specific temperaturemortality association.
A smaller number of studies have evaluated the impact of year-round temperatures on measures of morbidity such as emergency department visits. In RI, we found that both high and low temperatures were associated with higher rates of allcause emergency department visits, and that the slope of the exposure-response function was steeper for high temperatures than for low temperatures. A study of Brisbane, Australia, reached similar conclusions regarding the relationship between daily mean temperature and pediatric emergency department visits, 13 and a multicity study in China documented U-shaped relationships between temperature and all-ages, nonexternal emergency department visits although with a steeper slope Extreme and moderate cold and heat are defined using the 2.5th and 97.5th percentiles of location-specific mean temperature and the location-specific minimum morbidity or mortality temperature. a <2.5th percentile of mean temperature. b 2.5th percentile of mean temperature to the location-specific minimum morbidity or mortality temperature. c Location-specific minimum morbidity or mortality temperature to the 97.5th percentile of mean temperature. d < 97.5th percentile of mean temperature.
for cold temperatures. 14 The association between mean daily temperature and emergency department visits was similar in RI and Boston although, in Boston, the shape of the curve at very cold temperatures (where uncertainty is highest) suggests a possible negative association. Additional large, multicity analyses incorporating a meta-analytic approach would be useful in characterizing exposure-response curves for emergency department visits, particularly in locations where available time series data are limited either in time or in terms of a low number of events per day.
While extreme temperatures were associated with the largest relative rates of emergency department visits and deaths, moderate temperatures were more important in terms of the absolute number of events in both RI and Boston. For example, we found that 11.3% (95% eCI = 3.4, 18.4) of deaths in RI were attributable to moderate cold alone, compared with 12.1% (95% eCI = 3.8. 19.7) attributable to all deviations from the minimum mortality temperature. Similarly, Gasparrini et al 10 estimated that 8.8% (95% eCI = 8.0, 9.5) of mortality in 135 US cities was attributable to deviations from city-specific minimum mortality temperatures and that the large majority was attributable to moderate cold. We further found that 2.0% of emergency department visits in RI were attributable to deviations from the minimum morbidity temperature, with the majority attributable to moderate heat and cold. The importance of moderate heat in driving emergency department visits but not deaths may be due to the difference in the minimum morbidity versus minimum mortality temperature (e.g., 10.9°C vs. 22.5°C in RI), as there are many more days above 10.9°C than above 22.5°C.
We project that if the current RI and Boston populations were exposed to the higher daily mean temperatures projected for 2050 and 2090, there would be more heat-related deaths but fewer cold-related deaths, and that the net change would be fewer temperature-related deaths relative to 2005. While several studies project a net increase in temperature-related mortality for various locations in the United States, 18, 32 results from multicity analyses suggest that the direction of the net change in temperature-related mortality may depend on characteristics of specific populations or regions, [15] [16] [17] potentially including air conditioning prevalence, activity patterns, local climate, and population demographics. For example, in a study of 10 US metropolitan areas, eight were projected to experience a net increase in temperature-related mortality by 2090 under RCP8.5 while only two (including Boston) were projected to experience a net decrease. 19 Contrary to our results for mortality, we found that large projected increases in heat-related emergency department visits will result in a net increase in projected temperaturerelated emergency department visits. These opposing results are likely driven by the difference between the observed minimum morbidity and mortality temperatures. Two factors may contribute to this difference. First, southern New England residents who visited the emergency department were on average much younger than those that died. Accordingly, the minimum morbidity and mortality temperatures may reflect age-related differences in susceptibility to the effects of temperature, which could arise from increased physiologic susceptibility to extreme temperatures among the elderly 33 or differences in activity patterns by age group. Second, the temperature at which the risk of morbidity and mortality is lowest may differ across disease categories. 34 As specific disease categories do not contribute equally to the burden of mortality and morbidity, 35, 36 the relative contributions of different diseases to temperature-related emergency department visits and deaths may have contributed to the difference in the minimum morbidity and mortality temperatures. Furthermore, the magnitude of the association between temperature and cause-specific health endpoints may also differ for emergency department visits and deaths. For example, warm temperatures are consistently associated with excess cardiovascular mortality, but typically not with excess cardiovascular morbidity. 2, 4 This study has several limitations. First, relatively low daily mortality rates resulted in limited precision around our estimates for the association between temperature and mortality and, consequently, around the projected future change in annual temperature-related deaths. However, the shape of our exposure-response curves is similar to those observed in southern New England over a longer time period , 10 and the net change in temperature-related mortality we project is in the same direction as has been previously projected for Boston. 19 Second, some authors have suggested that current modeling practices may overestimate temperature-attributable mortality at the long lag periods often used to look at the impact of cold, 37, 38 and this may be true for morbidity as well. However, a recent simulation demonstrated that distributed lag nonlinear models provide unbiased estimates even when the lag period is as long as 3 weeks, 39 such as in our study. Third, our exposure-response curves do not provide information on morbidity and mortality risk at temperatures higher than those observed during the present day. To estimate the future number of emergency department visits and deaths in 2050 and 2090, we applied the risk ratio for the highest temperature observed during the baseline period (e.g., 32°C in RI) to days projected to exceed that value. While future temperatures even under the most extreme scenario (RCP8.5 in 2090) rarely exceed 32°C (on average, fewer than 3 days per year in RI), this conservative approach may slightly underestimate the increase in heat-related morbidity and mortality.
Additionally, the approach we used to quantify the net impact of projected future temperatures on morbidity and mortality assumes that all other factors remain constant over time, including population size, demographics, and underlying event rates. This approach also assumes that no adaptation or acclimatization to hotter temperatures occurs. Yet, heat-related mortality risk has declined in recent decades both in the United States 40, 41 and abroad, 42 a trend that may be partially due to increased adaptation to heat.
Should adaptation to heat continue, the future number of heat-related emergency department visits and deaths may be lower than the estimates we provide although the magnitude of this impact will depend on the continued degree and pace of adaptation. 43 On the other hand, strengths of this study include the use of an established approach for the estimation of exposureresponse curves, the simultaneous assessment of the impact of both hot and cold temperatures in the present day and in future decades, and the evaluation of both morbidity and mortality in the same geographic locations. In addition, our approach for projecting future temperature-attributable morbidity and mortality allowed us to estimate the degree to which uncertainty in both the projections of future temperatures and the exposureresponse curves affect our estimates.
In summary, our results confirm that both hot and cold temperatures are associated with emergency department visits and deaths in southern New England. Although current preventive strategies often focus on reducing health impacts at extreme temperatures, consistent with prior studies, 10, 44 we find that moderate temperatures may be more important than extreme temperatures in driving the absolute number of events. Additionally, our results suggest that projected increases in temperature in southern New England may lead to a trade-off in which fewer temperature-related deaths but more temperature-related emergency department visits are observed. However, in the absence of other changes, we project that there will still be an increase in the number of heat-related deaths, all of which are worth preventing. Furthermore, we project that the magnitude of the increase in temperature-related emergency department visits will be substantial.
